Brazilian sheep descended from several breeds brought to the New World by Portuguese and Spanish colonists, and they have evolved and adapted to local climatic variations and acquired tolerance or resistance to many diseases. Molecular markers are widely used in analyzing genetic variability, and markers such as amplified fragment length polymorphism (AFLP), restriction fragment length polymorphism (RFLP), microsatellite, mtDNA and single nucleotide polymorphism (SNP) have facilitated the characterization of genetic diversity and population structure, and in the investigation of the natural history, behavior, and evolution of several sheep breeds. In this context, we present here a review of the uses of molecular markers in ecological and conservation research of Brazilian sheep breeds.
INTRODUCTION
Brazilian sheep originated from Portuguese and Spanish breeds that were introduced into the New World by colonists. Over the years, these breeds were subjected to natural selection of local environmental and edaphoclimatic conditions, resulting in breeds that are currently considered naturalized, locally adapted, or native (Mariante et al., 1999) . Agricultural census data collected by the Brazilian Institute of Geography and Statistics put the Brazilian sheep population at more than 17 million animals, center mainly in the southern and northeastern regions of the country.
Ovinoculture constitutes a sound economic option due to demands for meat (Aro et al., 2007) . Naturalized *Corresponding author. E-mail: brunocrispim.bio@gmail.com.
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breeds are often preferred due to their rustic characteristics and adaptability in tropical and subtropical climates, giving these breeds important attributes and offering future genetic resources.
The naturalized Brazilian breeds are usually small animals that have been subjected to only weak levels of artificial selection and sustainable genetic improvement, and they are little specialized for intensive milk and/or meat production (Paiva et al., 2005a) . The general traits of well-known naturalized breeds in Brazil are described in Table 1 .
The survival and preservation of naturalized breeds with important genetic heritages were threatened during the 20 th century, by indiscriminate crossbreeding with exotic breeds (mainly from Africa and Europe) (Morais, 2001) . It should be noted that these naturalized animals have many adaptive traits that make them useful for breeding and production, such as: tolerance or resistance to diseases and parasites, and extensive adaptations related to the availability and quality of food resources and water -as the animals that were better adapted and/or more resistant survived and reproduced. Naturalized breeds therefore represent the results of (Paiva et al., 2005a) .
long-term natural selection processes. Conservation and genetic improvement programs focusing on naturalized animals are important to avoid both their inbreeding and indiscriminate crossbreeding, so that pure native breeds can be conserved. In this context, it would be necessary to design production systems that allow producers to use local breeds more efficiently for better financial returns (Notter, 1999) . Research on the adaptive traits of different breeds are important for supporting livestock production systems based on native breeds, reducing environment impacts, and obtaining better products for commercial consumption.
Recent technological developments and new molecular tools have dated researchers discovering the origins and domestication processes of a wide variety of species.
These tools have aided our understanding of the evolutionary relationships, taxonomies, and demographics of a wide variety of species and provided support for identifying priority areas for preservation programs and for analyzing genetic diversity in both domestic species and wild and endangered species (Rosa and Paiva, 2009; Grisolia and Moreno-Cotulio, 2012) .
Single nucleotide polymorphism (SNP) markers have begun to provide new perspectives for genomic studies, particularly in investigations of the diversities of the genomes of individuals and populations, in the search for genes that cause diseases, and in the identification of selection signatures (Kijas et al., 2012; Pariset et al., 2012) .
This review discusses the evolution of the use of molecular markers in analyzing the genetic diversity and phylogeny of naturalized Brazilian sheep breeds.
MOLECULAR MARKERS
Molecular markers can be considered as any molecular phenotype derived from a specific DNA segment, and correspond to regions that are expressed (or not) in the genome (Ferreira and Grattaplaglia, 1996) . Isozyme markers were initially developed, which are direct products of gene expression (Oliveira et al., 2002) , but were followed by molecular markers that amplify DNA chains using polymerase chain reaction (PCR).
Research focusing on patterns of genetic variation of certain loci markers within a population make it possible to minimize the impacts generated by crossbreeding between naturalized animals, ensuring the conservation of their genetic diversity. These studies provide information about loss of intra-population genetic variability as a consequence of reductions in the effective size of populations -leading to increases in consanguinity and genetic drift (Kantanen et al., 1999) .
The use of nuclear DNA molecular markers can increase the efficiency of genetic breeds programs through selection and by avoiding crossbreeding within the same generation (Melo et al., 2008) . The polymorphic markers currently used in genetic diversity analyses are: amplified fragment length polymorphism (AFLP), restriction fragment length polymorphism-polymerase chain reaction (PCR/RFLP), random amplified polymorphic DNA (RAPD), microsatellites or simple sequence repeats (STR), sex-determining region Y (SRY) and SNP.
The AFLP technique is based on PCR amplification of a subset of fragments obtained from the site-specific cleavage of genomic DNA by type II restriction enzymes (Lopes et al., 2002) . This technique has been found to be efficient in studies of genetic diversity in sheep, such as those of Xiao et al. (2009) who analyzed this marker in six breeds of sheep in China.
PCR/RFLP detects patterns of polymorphisms among different individuals and is based on the differences in the sizes of restriction fragments generated by endonuclease cleavage of amplified DNA regions. PCR-RFLP analysis of molecular markers in phylogenetically related species has been used to elucidate ambiguous taxonomic classifications. Paiva et al. (2005a) , examining this marker in part of the cytochrome oxidase I (COI) mitochondrial gene (1052 base pairs fragment) was able to show that the main breeds of naturalized Brazilian sheep were of European origin (such as Santa Ines and Bergamacia), although other naturalized breeds (such as Somalis and Morada Nova) were of African origin.
RAPD studies are based on polymerase chain reactions, using primers homologous to target sites in the genome. This marker aids in deciphering patterns of genetic variation and can be used to direct conservation measures for threatened or endangered species. Crispim et al. 15619 Although there are many advantages to the use of this marker, there are also some disadvantages in terms of low reproducibility (Paiva et al., 2005b) and the formation of heteroduplex is a characteristic of dominance, but a number of researchers have demonstrated the efficiency of this technique in genetic diversity studies of sheep breeds in Pakistan (Qasim et al., 2011) , Indian (Kumar et al., 2003) , and Turkey (Elmaci, 2007) .
Another technique widely used for characterizing genetic variability, individual identifications, paternity testing, the construction of genetic maps, and studies of population genetics employs microsatellites. Microsatellites have high mutation rates, abundances, and distributions throughout the genome, and show neutrality and co-dominance, and the easy automation of analytical procedures allow their use in estimating genetic diversity between and within breeds (Ligda et al., 2009 ). Microsatellite markers show good reproducibility and high degrees of polymorphism (Cañon et al., 2000; Grisolia et al., 2007) and are widely used in characterizing the genetic diversity of sheep breeds (Ramey II et al., 2000; Arranz et al., 2001) .
SRY molecular markers are extremely sensitive probes of paternal inheritance and are used to elucidate genetic histories, the processes of breed domestication, population relationships, and male gene-flow. The use of SRY markers combined with the Y chromosome can provide specific details of the gene-flow in males. The numbers of research projects in sheep using the Y chromosome have been quite limited, however, when compared to other domestic animals such as cattle (Hanotte et al., 2000; Pérez-Pardal et al., 2009 ) and goats (Pidancier et al., 2006; Sechi et al., 2009 ). Only one microsatellite locus (SRYM18) and eight SNP, located in the region 5' of the promoter of the sexdetermining gene (SRY), have been identified in sheep (Meadows et al., 2006; Meadows and Kijas, 2009) .
SNP markers are based on elementary alterations in the DNA molecule, that is, mutations in single nucleotides (adenine, cytosine, thymine, or guanine), and are biallelic, that is, only two variants are generally found in a single species (such as an allele corresponding to the base pair A/T and the other to G/C). SNPs are extremely abundant in the genomes of non-endogamic species and can occur in coding regions or with regulatory functionsalthough, in most cases, they are found in intergenic spacer regions. Until recently, the standard techniques of prospecting for SNP markers were based on Sanger's sequencing method, although second-generation sequencing technologies (Roche 454 - Margulies et al., 2005; Solexa-Illumina -Bennett, 2004; and ABI SolidValouev et al., 2008) are now able to produce large data sets (on the order of millions of sequenced bases).
As such, a number of molecular markers can be used to analyze genetic diversity, and while microsatellites have been widely employed (McManus et al., 2010; Paiva et al., 2011b; Souza et al., 2012) , SNPs have been found to be very useful in these studies (Kijas et al., 2012) .
Microsatellites
Microsatellites are the most frequently used markers to explore genetic diversity and the population structures of domestic animals (Baumung et al., 2004) . Relatively large genome abundance and high levels of polymorphism and co-dominance in this kind of marker make it an important tool for genomic analyses (Crispim et al., 2012) .
Evaluations of eight microsatellite loci polymorphism in five unrelated sheep breeds (Romney, Border Leicester, Suffolk, Awassi, and Australia and New Zealand Merino) showed highly significant differences in allelic frequencies among individuals, indicating that microsatellite markers can be valuable tools in evaluating evolutionary relationships between breeds (Buchanan et al., 1994) . Arranz et al. (1998) and Stahlberger-Saitbekova (2001) used microsatellites for genotypic characterization and assessment in Spanish and Swiss sheep breeds, respectively, and these markers were found to be efficient for evaluating genetic diversity and calculating the genetic distances between the animals involved. Almeida (2007) determined the variability of 20 microsatellites in 717 animals of 14 Portuguese sheep breeds, which allowed this author to evaluate the degree of structuring in these Portuguese sheep populations and estimate genetic diversity parameters for each breed. Several studies have used microsatellite markers to investigate local Brazilian breeds. Paiva et al. (2005a) used microsatellite markers for 18 loci to evaluate genetic diversity in both naturalized and exotic sheep (Santa Ines, Bergamacia, Rabo Largo, Morada Nova, and Somalis) and the results were efficient in characterizing the breeds, although they showed low genetic variability.
Microsatellites have thus been shown to be excellent marker for the characterization of naturalized breeds (Paiva et al., 2003) and in population studies (Paiva et al., 2005b; El Nahas et al., 2008) . Table 2 lists the microsatellite markers data recommended for paternity testing and genetic diversity and variations in sheep by the Food and Agriculture Organization of the United Nations (FAO, 2011).
Mitochondrial DNA markers
Mitochondria have their own circular DNA (mtDNA) and replication capacities. Mitochondrial inheritance is also known as maternal inheritance as the molecular markers in mitochondrial DNA are only passed through the female (distinct from the biparental inheritance of most nuclear molecular markers) (Olson et al., 2009 ). The unique genetic and structural characteristics of mitochondrial markers have been explored by a number of researchers.
mtDNA sequencing can be used as a tool for determining evolutionary origins and population dynamics, and is useful in domestication studies because mtDNA has high mutation rates, lacks recombinants, and is maternally inherited -thus allowing the evaluation of divergence between wild and domestic populations over the relatively short time scales of human domestication (Bruford et al., 2003; Toro et al., 2009) . mtDNA has been used to investigate the origin of bovines (Loftus et al., 1994) , equines (Vila et al., 2001) , swine (Giuffra et al., 2000; Larson et al., 2005) , goats (Joshi et al., 2004; Sardina et al., 2006) , and sheep (Wood and Phua, 1996; Hiendleder et al., 1998; Guo et al., 2005; Pedrosa et al., 2005; Pereira et al., 2006; Tapio et al., 2006; Meadows et al., 2006) . Bruford et al. (2003) demonstrated that the majority of mtDNA sheep lineages are derived from a probable site of initial domestication in the "Fertile Crescent" region (which now comprises Israel, West Bank, and some regions of Lebanon, as well as Jordan, Syria, Iraq, Egypt, southeastern Turkey and southwestern Iran). According to Olson et al. (2009) , many mitochondrial genes are highly conserved, so these markers can be used to examine very long-term phylogenetic and taxonomic relationships. Indiscriminate crossbreeding between different sheep breeds makes their characterization by nuclear molecular markers more difficult, but mtDNA markers may help solve problems related to the origins of several naturalized breeds throughout the world.
A study of genetic diversity undertaken by Meadows et al. (2005) that examined 17 sheep breeds of European and Asian origin found 57 single haplotypes among the 121 animals sequenced. The distributions of the haplotypes indicated that most of the animals were confined to a single breed (51 from 57), while six haplotypes were present in more than one breed. The distributions of these differences showed five distinct peaks, which indicated the presence of divergent haplotype groups. The majority of the haplotypes formed one large group that contained sheep lineage B (of European origin), while the remaining haplotypes formed a separate group (probably corresponding to lineage A of Asian origin). Paiva et al. (2005a) examined six breeds of naturalized sheep in Brazil and observed an overwhelming presence of the European haplogroup, except for two Dorper animals (of African origin), which had mtDNA typical of the Asian haplogroup. These results support the hypothesis that Brazilian sheep originated largely from the European continent. Gonçalves et al. (2010) examined the mitochondrial sequences of the ND5 gene (of subunit 5 of NADH dehydrogenase) in 225 animals of two native breeds (Frontier and Mountain) from southern Brazil (Santa Catarina and Rio Grande do Sul states) and observed significant differences between them. Bayesian phylo- genetic analysis based on ND5 18 haplotypes pointed to the following geographic structures: the frontier haplotype was clustered in a monophyletic clade, while the mountain haplotype showed two paraphyletic clusters. The studies indicated the occurrence of geographic isolation associated with differences in the ways the herds were distributed (which could have caused gene flow reductions)-thus reinforcing the idea that they are two evolutionary lineages. Paiva et al. (2011a) analyzed the Somali sheep breed in northeastern Brazil using molecular and pedigree data, microsatellites, and 404 bp of mtDNA control region and obtained an average of 5.32 alleles of herd diversity, with an expected heterozygosity of 0.5896 and an observed heterozygosity of 0.6451 for the microsatellite loci. Sixteen mtDNA haplotypes were identified, and network analysis made it possible to observe the relationships between all of the haplotypes identified. The mitochondrial genetic variability in this population indicated at least two major haplotypes groups. The maintenance of several similar haplotypes is not desirable in herd genetic conservation, and it would therefore be better to maintain isolated populations of individuals with distinct haplotypes.
When the control regions of mitochondrial DNA (mtDNA) were sequenced to identify phylogenetic relationship between naturalized and commercial Brazilian sheep breeds, the nucleotide diversity value was found to be 0.005 (Silvério et al., 2006) . These results indicated that mtDNA AMOVA values were greater than those of nuclear markers. Naturalized Brazilian breeds showed deviations from selective neutrality, as tested by Fu's Fs (p<0.01), suggesting that these populations are undergoing demographic expansion.
Single nucleotide polymorphism (SNP)
SNP markers used in association studies, genetic mapping, diagnostic paternity assays, individual identification (traceability), and to detect genetic diseases and/or polymorphisms associated with production traits have long been limited by technological constraints. However, there have been significant advances in the sequencing of mammalian genomes and in the development of bioinformatics tools during the last decade that have improved SNP massal genotyping.
Until recently, the standard method of prospecting for SNP markers was based on Sanger's sequencing method, but there are now high-density SNP panels, that have high-coverage genome-wide SNP with markers and there is the probability that these SNP are close to genes of interest and account for some of the population genetic variation. Kijas et al. (2009) developed a panel of 1,536 SNP from 23 domestic and two wild breeds of sheep to analyze the nuclear genome, generating clusters of large groups based on the animals' geographic origins and could excessively identify the population substructures within individual breeds. The high-density genotyping platform available for this specie currently belongs to Illumina (San Diego, CA). The Ovine SNP50 BeadChip was developed in collaboration with the International Genomics Consortium Sheep and contains more than 54,000 SNP, providing uniform genome coverage. This chip was validated in 75 economically important sheep breeds, including Brazilian breeds such as Santa Ines, Morada Nova, and Crioula Lanada. The applications of such high-density chips include association studies of genomic selection, paternity testing, and pedigree mismatching, as well as more accurate analyses of the diversity and compositions of animal breeds (Illumina, 2012) .
A genome-wide association study (GWAS) of 486 typed animals of the Wild Soay breed (Ovis aries) was undertaken by Jhonston et al. (2011) with the Ovine SNP50 BeadChip and identified (using ~36,000 SNP) by an autosomal gene candidate for horns (RXFP2, Relaxinlike receptor 2) . It also appears that there is an additional SNP in the gene which is supported by a new model of horn inheritance in this breed. Thus, the SNP50 BeadChip could be used to determine if the same gene group could explain horn polymorphisms in different breeds or species. Kijas et al. (2012) conducted a study with the goal of assembling a global diversity chip of sheep breeds and typed 2,819 animals from 74 sheep breeds from Asia, Africa, Southwest Asia (Middle East), Caribbean, North America, South America (Santa Ines and Morada Nova), Europe and Australia using the Ovine SNP50 BeadChip (~49,034 SNP). Among the reported results, they were able to show that sheep breeds have maintained high levels of genetic diversity (in contrast to other domestic species such as dogs). These authors also identified specific genomic regions that contained strong evidence of the rapid changes of artificial selection in sheep evolution.
In order to understand genetic structure, it is essential Crispim et al. 15623 to reach the genetic improvement by genome-wide association studies, genomic selection, and dissection of quantitative characteristics ). Thus, the information provided by dense SNP chips can aid in our understanding of genetic structure and the recent evolution of domestic species. Paiva et al. (2012) conducted a research project using 17 markers in 467 individuals of six sheep breeds (Crioula n=300 Bergamacia n=24; Corriedale n=28; Pantaneira n=50; Rabo Largo n=20; Santa Ines n=45). Only two SNP markers did not produce consistent results and were excluded. The selected markers were then used in allocation tests using the structure of five repetitions with a total of 250k permutations each, which was efficient in distinguishing between the breeds. The only exceptions were Pantaneira and Crioula, which were grouped together, suggesting that they were closely related and probably should be classified as two ecotypes of the same breed. Thus, even a reduced panel could serve as a useful tool for animal breed-certification and the identification of their sub-products.
PERSPECTIVES
Analyses of patterns of molecular genetic variation are fundamental to reconstructing the evolutionary history of species and breeds, as well as for evaluating their genetic diversity, population structures, and their taxonomic definitions -which can help us to conserve and reproduce these breeds and minimize loss of genetic variability. Microsatellite and mitochondrial molecular markers are very useful in conservation studies, although SNP markers are rapidly becoming the markers of choice in genetic studies due to their genomic abundance and low costs for large-scale genotyping. The implementation of sequencing projects in domestic species will allow breeders and scientists to objectively evaluate genetic resources, and the genetic variability linked to productive traits and resistance or tolerance to diseases in naturalized breeds represent an obvious target.
